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SUMMARY

Trembler mice are affected by dominantly inherited neuropathy. Total lipid
content and sulfatides were decreased in peripheral nerves from 15-day-old mutants.
The proportion of sulfatides in per cent of total lipids was similar in control and
Trembler nerves. The specific activity of ceramide galactosyltransferase, the enzyme
responsible for the synthesis of cerebrosides, was 36 and 139, of controls, in young
and adult Trembler nerves, respectively. In contrast, cerebroside sulfotransferase
activities were increased by 257 and 172 9, in young and adult Trembler sciatic nerves,
respectively. No activator or inhibitor effect could be demeonstrated. In Trembler PNS,
Km, Vmax and heat sensitivity of CST differed from controls. Low levels of substrate
and high arylsulfatase A activity (2189, of controls) could explain the lack of
sulfatide accumulation. The increased in vivo sulfate and galactose incorporation into
non-lipidic maierial couid reflect the overproduction of endoneurial and perineurial
connective tissue, whereas the high turnover rate of sulfatides could be correlated with
intense demyelindtion and remyelination observed in Trembler PNS.

INTRODUCTION

Trembler mice are affected by a dominantly inherited neuropathy®. Peripheral
nerves of Trembler mutants show morphological evidence of recurrent demyelination
and remyelination superimposed upon hypomyelination?-14-16, The protein composi-
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tion of Trembler sciatic nerves and of purlﬁed myelln is consistent With marked

) demyélmatloni" The 11p1d composmon of sciatic nerves ffom Trémbler mice showed a
: 66 % decréase in totdl Ilp:ds aEeetmg in & similar way each mdmdual hpld and a 5-fold

‘increase of cholesterol esters suggesting’ active demyehnatmg processes13 Using an
elegant ‘grafting teehmque Aguayo et al.l proved uneqmvocally thdt the Trembler

“neuropathy is due to a primary disorder of Schwann cells. The{two blochemlcal studies

mentioned above did not reveal any spemﬁc anomaly in Tremblér nerves but
confirmed hypomyelination and demyelination processes. In the present inyestigation,
we studied the incorporation of radioactive sulfate into sulfatides and non-lipidic
material. In addition enzymes involved in the metabolism of sulfat;des were measured
and some of the characteristics of. galactocerebroslde snlfotrans-ferase (phospho-

: Y adenosxne phosphosulfate galactosylceramlde sulfotransferase, lcerebr051de sulfo-

MATERIAL AND METHODS

- transferase or. _CST, EC 2. 8.2. 11) . were. analyzed in Trembler and qontrol peripheral
. nervous tlssue A prellmlnary report of this work was. presented in abstract form20,

Ty i . R AT 1 20e

<y
1 I

J Ammals and tissue preparation

Trembler and control mice were bred in these laboratones trom stqok originally

thalned from the Instltute of Animal Genetics, Edlnburgh U. K Fo; spme experi-
‘ments, animals were anesthetized with ‘ether and bilateral 1njeetlons of radioactive

su]fate (10 uCi of Naz?804, 10-1000 mCi/mmol sulfur) or galactose(lO uCi of D-
[PH(G)]galactose, 1-5 Cl/mmol) dissolved in 5 ul physiological saline were made at

: ,several sites into the exposed sciatic nerves. Animals were killed 16 h later The whole

bram above the foramen magnum was quickly removed and ch111ed in ice-cold saline
and stored at —70 °C until analysis. The sciatic nerves between the spinal origin and
the knee were removed and carefully freed of surrounding connective tissues.
Although the mutant animals have a smaller body weight (P < 0:001) than their
control littermates, no significant -weight difference was found for sciatic nerves
between the two groups. The sciatic nerves from several mice were rinsed in ice-cold
saline, pooled and stored frozen (—70-°C) until used for lipid analysis or enzymatic
determination. The tissue was homogenized at 0—4 °C in 0.32 M sucrose using an all-
glass Ten Broeck homogenizer. .

Lijpid analysis

The sciatic nerves were homogenized in 0.32 M sucrose and 10 ,ul were used to
assay for protein!?, the rest was lyophilized after determiriation of its Volume. Lipids
were extracted -with chloroform-methanol (2:1, v/v), pattitionedl® and the lipid
extract was concentrated under a stream of nitrogen. Lipid aliquots were used for total
lipid determination by gravimetry, sulfatide colorimetric determination!l. [3H]total
lipids and [3%S]sulfatides were counted for radioactivity by liquid scintillation spectro-
metry. Controls:showed that after separation on one-dimensional thin-layer chroma-
tography, 909, of the total radioactive sulfate was recovered in the sulfatide spot.
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Enzyme assays
Cerebrosrde sulfotransferase (EC 2. 8. 2.11, CST) was determmed using two
drﬁ'erent assay techmques4 24, UDP-galactose Feramlde galactosyltransferase (EC

, 2.4. 1.45, CGalT) was measured using an rmproved procedure that utrlrzes appropriate
acceptor-mcorporated lrposorpes5 2’ 3’ Cyclrc nucleotrde 3 p,hosphodresterase (EC

3L 4 37, CNP) and arylsulfatase A (EC 3.1.6.1, ASA) were assayed using the methods
of Kunhara and Tsukada12 and Baum et al 3 respect;vely
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"\R_ESUL‘TS S o
Tdtal ltpids, sulfatides and mcorporatton of [35S]sulfate’” ",
“These experrments Were performed in 15- day-old mice when deriyelination is

l

- ot too prevarlmg in Trembler mutants?®, Total hprds i Prembler sciatic nerves were
R ’24 /‘ of controls. The amount of sulfatidés showed a simitar reduction (Table I) and

"expresséd in ‘per cent of total lipids there was no' differencé between ‘mutants and
controls. The values measured were similar to those reported by Larrouquere-Régmer
et al.13 ysing a different technique.

The amounts of total protein and residual proteins (proteins measured after
delipidation of the tissue) in Trembler sciatic nerves were slightly increased but the
drﬁ'i:rence was not statlstrCalIy s1gmﬁcant (Tabie I)." Although the amount of 338

’ 1hcorporated into sulfatides per nérve or per mg of proteln was similar in mutants and

- tontrdls, the'Sulfatide specific radioactivity 'was 4 times higher in the mutants (Table I).
' The rate ‘of incorporation of 35§ into non—lipidic material (chlorofoiin-methanol
insoluble material: proteins, glycoproteins and mucopolysaccharldes) was increased
in’T rembler ‘nérves by a factor of 2.4 (Table I). The incorporation of ‘radioactive
sulfate mto the ~major PNS myelm protem ‘PO was not mcreased (Matthieu

IS

e

_TABLEI"J.;“‘ Ve d e

1

iy

e

- In_yive incorporation of [ 3"‘5 ]salfate into, PNS Izprds and non-lzptdrc material .

o ’l"rme iof mcorporatlon 16 h. Age of anrmals 15 days Mean i S.E. M Studeﬂt § t-test.

S

v f- [ . Comrol e e Tremblera . ... .P
Total proteins (ug/nerve) 213 4+ 13.0 (14 1256 £182°(14) ¢ 7 ns.
Residual proteins* (ug/nerve) 154 (2) 187 (2)

Total lipids (mg/1 00 mg ”
- «fresh weight. - - 85, 4:12:@) 2.0 4 - 0.3- (4). b <0.01
Sulfandes(pmol/lmmg el e o .
fresh weight' 434+ 06 (4) 134+ 01 (3) <0.01
(amol/100 mi total lipids) * 5. I + 0 4 (4) 6. 4 +£707@) ¢ ns.
~{35S1Sulfatides(dpm/mg * . : : I
ot. X 10-9), 343 + 30 0 414+ 49 ® n.s.
(dpm/nmol sulfatide x 10‘6) 0.5 (6) 2, 1 (6) ’
- [S]Non-lipidic mategial -~ o
(dpm/mgtotal prot.; x 10-3) 15:8 + 0.8 ()

‘ 386:i: 44(6) : <0.001

IR . | KRN : B

. After chloroform—methanol extractlon
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TABLE 1I
In vivo incorporation of [3H jgalactose into PNS lipids and non lipidic material

Time of incorporation: 16 h. Age of animals: 15 days. Mean 4+ S.E.M., Student’s t-test.

Control Trembler P
[3H]Galactolipids
(dpm/mg prot. 10-3) 39.08 + 2.75 (4) 17.90 4 1.92.(4) <0.001
[PH]non-lipidic material
(dpm/mg prot. 10-3) 11.16 £ 1.27 (4 24.42 -+ 2.09 (6) <0.01

-et al., unpublished results). In pulse-chase experiments, performed in vi;ro; a
higher incorporation peak of radioactive sulfate was followed by a rapidhdecrease of
radioactivity in the sulfatides of Trembler sciatic nerves when compared to control
nerves (results not shown). The incorporation of [3H]galactose into total lipids' was
significantly decreased in Trembler sciatic nerves (Table II) in accordance with the low
lipid content of the tissue. In contrast, the incorporation of [¥H]galactose into non-
lipidic material was increased (Table I1). B

Specific activities of CST, CGalT, ASA and CNP X

© - Using two different techniques, the specific activity of CST, the enzYme
responsible for the synthesis of sulfatides was incréased in Trembler sciatic rieljves at
two different ages in the young animals (Table 1II). In contrast, the speéiﬁc activi_iy of
CGalT in Trembler mice was low at 15 days and the difference with controls increased
in young adults (Table III). The activity .of ASA, the enzyme involved in the first
hydrolytic step of sulfatides, was increased (Table III) to levels observed during
Wallerian degeneration (Matthieu et al., in preparation). The specific activity of CNP,
a myelin marker enzyme in CNS, probably associated with Schwann cells in PNS21,
was significantly decreased in Trembler sciatic nerves. The specific activity of*these

< o
TABLE III teo
Enzyme specific activities in Trembler sciatic nerves
Mean values of 3 to 7 experiments expressed in per cent of controls.

CGIuT, UDP-glucose: ceramide glucosyltransferase; CGalT, UDP-galactose: ceramide 'galactosyl-
transferase; CST, phosphoadenosine phosphosulfate:galactosylceramide sulfotransferase; ASA,
arylsulfatase A; CNP, 2’,3'-cyclic-nucleotide 3’phosphodiesterase. n.d., not determined. o

Enzyme 15 days 4-6 weeks
CGlut 94* 84+
CGalt 6% 13%%*
CST 257*+ 172%*
ASA 2189+ n.d.

CNP 66** 43%#

*, Not significant; **, P < 0.01; *** P < 0.001 (Student’s t-test).
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Fig. 1. Activity of galactocerebroside sulfotransferase (CST)* in sciatic nerves during development.
! Mein values ;5; S.EM.from4-9 separate expenments Open circles, controls; closed circles, Trembler
mice.

-.&nzymes did not show any significant differerice when determined in CNS homo-
.-genates between Trembler and control‘mice at two different ages. -

DeveIopmentaI changes of CST in sciatic nerves
The specific activity of CST was measured at different ages during development
in both Trembler and control mice (Fig. 1). The developmental changes showed: the
‘maximum specific activity of CST at the earliest age with a sharp drop between 6 and
15 days “After 15 days of age, the specific act1vnty of CST did not show any significant
changes both in Trembler or in control mice. However, the specific activity of the
enzyme in the Trembler nerves remained higher than in control nerves throughout
development :

. Some characteristics-of CST in Trembler and control mice

:, v Inorder to find an explanation for the increased activities of CST measured in
- PNS, experiments were performed to demonstrate the presence of natural activators
. (Trembler) or inhibitors (control). Sciatic nerve homogenates were used as'a source of
enzyme and by mixing aliquots of Trembler or control homogenates, no activation or
inhibition could be demonstrated (Table IV). ‘

TABLE 1V
Cerebroside sulfotransferase activity in sciatic nerves from Trembler mice—mixing experiments
Activity expressed in dpm. This representative experiment was chosen from among three.

Homogenate . . - Observed . : Calculated
Trembler _ L. 441 . o —_
Control 282 . —
Trembler + control ~ 743 723

Boiled Trembler 20 —_

Boiled control 41 —

Boiled Trembler + control. 258 302

Boiled control + Trembler” 481 482
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Fig. 2. Eadie-Hofstee plot of a representative experiment obtained from varying concentrations of
[35S]PAPS.'_ The mean K, values obtained from 4-6 separate experiments are indicated foxf control
and Trembler PNS tissue. CST activities were measured according to Tennekoon and McKhann?4. -
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Fig: 3. Determination of Vmax with varying concentrations of [35S]JPAPS. Mean values + S.E.M.
obtained from 46 separate experiments are indicated above the curve of a representative experiment.
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Fig. 4. Héat sensitivity of galactocerebroside sulfotransferase from CNS (left panel) and PNS (right
panel). Mean values 4 S.E.M. from 3-4 separate experiments. Open circles, control; closed circles,
Trembler mice.
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Eadie-Hofstee plots of data (Fig. 2) using the Tennekoon and McKhann
technique?4 obtained from varying concentrations of [33S]PAPS (3’-phosphoadeno-
sine 5’-phosphosulfate) gave a Ky, of 1.37 uM and 3.03 uM for control and Trembler
sciatic nerves, respectively. These values obtained from 4-6 separate experiments
showed less than 109, variation and are significantly different (P < 0.001). The K
value measured in control sciatic nerves was lower than in CNS (245 uM £+ 04, n =
4) where no difference was found between control and Trembler mice. The Vmax in
Trembler PNS was 3.4 times higher than in controls (Fig. 3).

The effect of heat inactivation was similar in control and Trembler CNS. In
contrast, CST in Trembler PNS was more heat sensitive than that fréom conttols
(Fig. 4).

DISCUSSION

. Trembler mice are affected by recurrent demyelination and remyelmatxon "
superimposed upon hypomyelination2:14-16, The proteinl® and.lipid analysxs13 is .
consistent with hypo- and demyelinating processes. The present study gives evidence
of an abnormal sulfate metabolism in Trembler sciatic nerves, whereas no anomaly
could be demonstrated in the CNS. :

The increased specific activity of CST, revealed with two dlfferent techmques,
confirmed the increased rate of radioactive sulfate incorporation into cerebrosides.
This and the in vitro study makes unlikely the possibility that a small sulfate pool
could be responsible for the high 35S incorporation rate into sulfatides. The sulfatlon of
PO (Matthieu et al., in preparation) was not increased.

Low concentrations of cerebrosides!3, supported by low galactosyltransferase
activities and high arylsulfatase A activity, could further explain the lack of sulfatide
accumulation. These findings suggest an increased sulfatide turnover in Trembler
PNS. Non-lipidic substrates showed increased incorporations of radioactive. sulfate
and galactose. This could be the'biochemical expression ‘of the overproduction of
endoneurial and perineurial connective tissue, particularly basement membranes
observed in Trembler nerves?, in which the number of Schwann cells and fibroblasts is
increased!8, This increased number of Schwann cells did not involve an increase of
galactosyltransferase or CNP activities, another indication of an abnormal function
reported previouslyl. Since axons contain considerable amounts of sulfatides’, an
accelerated sulfate turnover in the axonal ‘compartment is another possibility.
Nevertheless, transplantation experiments! have shown that the axons from Trembler
mice are normal and we found normal CST and ASA specific activities in the CNS of
these mutants. Therefore, we consider this possibility as unlikely. Increased CST
specific activities cannot be explained by a lack of product inhibition since the mixing
experiment was negative. Furthermore, with similar low cerebroside levels the specific
activity of CGalT wis not increased, but significantly reduced.

The developmental curve of CST in control PNS differs sngmﬁcantly from that
reported for the CNS23, This could be explained by the onset of myelination which
ocgurs at an earlier age in peripheral nerves than, in the CNS and. agrees with the.

! o i .

! s
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ma)umum in vivo sulfatide synthesis which was reported to occur at 10 days of age in
ratg?5. | C L
Important kmetlc dnﬁ'erenoes for cerebrosxde sulfotransferase were observed
between Trembler and control pefipheral ; nervous tissue suggcst}ng that the mutatxon
affects the enzyme protein structure. CST | in CNS, which seems to be; under a different
genetic control than that in the PNS?8, js unaﬁ'ected in Trembler mice. ‘Trembler CST
seems to be present in high concentration in PNS since, in spite of a hjgher Km it
exhibits hrgh specific activity. In experimental demyelination and remyelination
(Matthieu et al., in preparation) no increase in CST activity was observed and-the data
presented suggest that the abnormal kinetic characteristics of CST and a'brillo,rmya'l
sulfate. metabolism could be specific for this murine demyelinating neuropathy:
Nevertheless, we cannot exclude the possibility that the high activity of CST in
Trembler PNS is non-specific since higher incorporation of 35S in non-lipidic material
was observed. It would be of interest to measure the CST activity in human
neuropathies to see whether this test could be of help to sort out the different clinical
forms, since previous reports®:22 suggested an abnormal sulfatide metabolism i m sural
nerves of patients with chronic onion bulb neuropathies. : ‘
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